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ABSTRACT 


Diodes wore preparoó using thin fiino of cadmium sulfide 
sandwiched between thíinefiims, cetal electrodes. The curront 
versus voltage characteristics were atudied ав a function of 
the manufacturing process and temperature, The variables in 
the manufacturing process were choice of metals for electrsdes, 
interchange of top and bottom eleotroda, deposition of an oxide 
barrier between electrode and insulator, heat treatment of the 
cacmium sulfide, and varlation of the substrate temperature 
during deposition. From the resuites obtained, space=-charze= 
limited currents could not be the physical mechanism involved, 
Instead an argument could be made for a field emission pheno. 
menon at low temperetures with Schottky emission ccecuring at 
higher temperatures, The two reazione were ceparated by a 
sharp transition at a critical temperatures. 
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abis ALLEE 


I, INTRO USE LON 


Thin film dicdes semposed of 4 metal clectrode-cadmivm 
Bsulfide-metal electrode sandwich were evaporated on to a 
glass substrate with tho purpose of obtaining a solid-state 
analog to & vacuum iode., The theory of space-charge~limites 
currents in insulatora” > pins the experimentally obeervad 
8paece=chergeslimited currents in single orystel of cadmiun 
Pun t Tae” seemed to indicate that such a thinefiim devies might 
be feasible. Rectification properties of similar díodes nave 
been observed previcusly, Tas but Little 25 known about the 
physical processes invoived. 


Lresner and Shallcross” 


attempted to cescrive the pheno- 
menon as & opaceechargoelimited current, but were not successe 
ful, They. found a large discrepancy between the density of 
traps as indicated by theory and as measured by the method of 
thermally stimulated currents. The measured density of 
10% fom” geene more reasonable then the calculated density of 
за са” assuming the dev relationship was spaceecharge-linites, 
Single oryatals of cadmium guifide have been cbserved to have 
a trap density of 10 on? 

A second point of major difference was the measured 


capacitance. Lampert has shown that the maximum deviation 


fran the geometrical capacitance is a multiplicative factor 








1. Superecripts refer to references at the end of this paper, 
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of two fos space-charge-linited currents, Uresner ant 
Shaileress were unable to observe a cepacitance of less than 
four times the geometric capacitance. 

we conclude that space-charge-limited current alone cane 
not be the basis fer this device, This project had as its 
main purpose the determination of seme kind of model for the 
current flow process, No conclusive answer was reached, Tut 
& conjecture as to the zorrest model woes mode, Firat, Schottky 
emission ie dominant at temperatures clevated ateve a critical 
temperature and socond, below this critical tenveraturo, the 
dominant procesa 4s field emission or tunneling, The critical 
temperature was observed only experimentally and could not be 


explained by the theory, 
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£1. VAPURIMANSTAL 


Tho disdes were prepurad by tho evaperation of electrodas 
end the cadmium sulfide on gless microsoopa slides, The 
geanetry employed in all samples is shown in figure 1. The 
method of preparing the slices for deposition has been de 
seribed by Cemeni? Luring ths deposition process, the pressure 
in the vacuum system was held in the neighborhood af 19” torr, 

The cadmiun suifide used was laboratory grade powder 
manufactured by DB & A Company, This powder wee evaporated from 
Open molybdenum boats. At first the substrates were cooled with 
liquid nitregen in order to spsed the rate of cendencation of 
CaS, Tt was later found, however, that the resistivity of the 
films was greatly increases by heating the substrates to 150°C, 
Several vorkers hsve reported using higher substrate temperas 
tures; aná one ا‎ reports obtaining resistivities of thine 
Ftim cadmium cuifide eppreeching that of the single cryetaline 
material, 

It was found in the earlier werk that some of the samples 
prepared on the cold substrates were ohmic immediately after 
manufacture, These could be made non-linear by heating in an 
oven at temperatures of 100-200°C for periods of several houra. 
This process is similar to thet described by Lresner and 
Shallorosss 

521de 2145 had aluminum as tho bottom (common) electrode 
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and gold for the top electrcde. The cadmium sulfide was 
evaporated onto a cold substrate and then annealed in vacuun 
for 29 minutes prior to the addition of the gold, The averages 
thickness of the film as determined by optical interference 
methods vase 112004, A121 ten diodes bad reotifying properties 
siniler to those shown in figure 2, In all cates the gold 
electrode was the anode for forward conduction, The cadmium 
Sulfide was markedly photosensitive, 

Figure 3 shows static iev characteristics obteined fren 
2145a and 2145b. Notice that a region of ohmic dependence 
followed by a sSquaroelaw region was observed. Above this, 


however, a region о? Таў 1/2 


was observed, This i5 not easily 
explained, 

Semple 2146 was constructed as nearly 2145 as possible, 
No nonelinear charecteristics were observed, The measured 
average thickness of the codm$um sulfide was 116094. The maxi 
mum observed deviation from this thicimess was 180%, 

Sample 2154 was made with two gold olectrodes, The last 
20: of the bottom electrede and the initial part of the cadmium 
Sulfide were evaporated simultaneously to produce a region of 
forced diffusion. No attempt was made to determine the exact 
thickness of this mixed layer, Some recsifying characteristics 
were noted with the bottom sleotrode positive for forward bias, 

in sample 2166, the electredes were Again aluminun and 
gold, When the sample wad first made, ac characteris sion 


vero photographed from the oscilloscope plot. All diodes 
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indicated that gold vas tho ancdo for forvera current. Several 
days later, after 2166a wes held at 13 volta a-c for several 
minutes, it was noticed that aluminum had become the anode for 
forward currents. It was suapsctei that hish fields caused 
the change. 

When 2167 was made, all of the diledes had aluminum se the 
enode, This raised the possibliity of an oxide film effect 
since 41% is well imovn that aluminum oxidizes rapidly even at 
pressures of 19^? torr. it was also noted that the current 
remained small until the voltage was approximately one volt. 
Then the current increased rapidly with increasing voltage, 
When 7 volts ees waa applied, thia slide became too hot to 
touch. No euch heating effects were noticed on any other 
sample, 

The results of 2167 suggested making a dicde with the 
aluminum electrode purpesely oxidised in varying amounts to 
determine the effect of oxide thickness, 2160 мав constructed 
with two diodes anodized to each of the following voltages in 
& pH 5,0 solution of tartaric acid: 0, 1, 2, 3, and 4 volte, 
Figure 4 shows the variation of the aes characteristics with 
oxide thickness. Notice that the thicker the oxide, the higher 
the voltage threshold in the forward direction. 

The Fowler-Nordheim equation for ficid emission is well 
known and may be given by the approximate expreasion: 1° 
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La Ejen d-eot E 4 (2) 


where I(E) 1.55 x 1079 jp , E 18 the electric field 
strength in volts / meter, Ф is the vork fimction in electron 
volta, Ав сап be seen from (1), E must bo quite large before 
any Gpprooieole current viii flow, However, once this threse 
hold field is reached, the current may be expected to increase 
as ur this appears ĉo be the cese ín figure 4, 

The current was measured as a function of temporaturo 
with the voltage as e parameter for samples 21340, 23344, 
2154f, and 21548, The results of these are chown in figure 5, 
A region of the curve exhibits an easentially temperature ine 
dependent portion located below a critical temperature, їп an 
effort to determine whether Schéttky eniasion was present, a 
curve of Log Kt: ot.) / rJ versus 1/f was plotted ond 4s 
Shown in figure 6, (lo is the constant current below the 
opitical temperature. ) 

Schottky emission currante-veltage=-temperature relation 
is given ъу:12 


ў - ят eap| £ ~ (6 )"1 fp (3) 


where R is Richardson's constant, Ф tho vork funotion, E the 
dielectric permittivity, and a the f2im thickness, С іва 

constant whose value is 4,789 for V in volts and a in centi- 
meters, From (3) 1$ 15 evident that the curves of figure 6 
should do straight lines as they are, It would appear that 


Schottky omission was present above the critical temperature. 
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This case dirfers from Field emiseion in that 2% 38 tempera» 
ture dependent amd does not set in until somo elevated tome 


perature is reached. The field emission data was measured а? 


госп temparabure, 
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ХІ. DISCUSSION 


Dresner armi Shalloroza? invo poànted ouo tho dirficulties 
of explaining the current process аө а spaco-obargoeelíimited 
phenomenon, This author fount one difficulty they did not 
mention, The current varying as the 7/2 powar of the voltage 
in the high current region is difficult to exzplein using sci 
curren5tsS, Rose" has show that 16 28 possíble to obtain 
I = V (Te Ap „ 1) for an exponentir1 distribution of traps with 
MOY, but Dresner anc Shalloross dic not observa such е 
distribution. A rough calculation by this author based on 
assuming an impules distribution of traps at .35 of below the 
conduction bará seve a square lay dependence. Lot us follow 
through this calculation, 

Ve know that the density of trapped eioctrona, 72. i5 


Ne 


I3 № eet {4) 


giron by 


Ne = 





where Ne is the density of trapping states located Ty below 
the conduction band, For the approximation given іп squation 
(26), Appendix ta held, we must have 


№ y> exp (Et /ат) (5 


1f (5) 49 true, thon (26), Appendix is true, end as tha ro~ 
suits in the Appendix show, J must then ba proportional to 
2 

ү. Fe can demonstrate that (5) 16 true for the present 
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problem. 
For the drift limited approxination, 


T= neué =- Constant t6 


part” hes chown that tho maximum deviation of € from the 
average field etrength [Ej 1e at moet a factor of two, There= 
fore, we Gan use (6) together with the experimentally observed 
values of Y and [€] to get the maximum valuo of J , In our 
0886 Jggg ^w 10% ampejom” with 1€/,2410° volte/om. If we 
assume a mobility of 4 om/volteseso, then N ls approximately 
10/0053, No = 1919 at room temperature which gives 

No/n se 10°, Exp (ker) = exp (wox.ss) 4 10°, 

Therefore (5) holds and J should be proportional to ve, 

We can denonstrate that we have chosen the worst possibic 

cases ie, the case where (5) 18 tho least, iskely to be valid, 
17 (5) holds fer the maximum J, thon it must hold for all 
smaller J values because from (6), n would be even smaller, 
12 Mule larger then the email value (judging from normal values 
nessured in віраЗе crystals), then again n is smaller, There» 
fore, wa conclude that J snevwld be proportional to у? and 
Should not have a J o yil F range which was observed, 

Ve can make a few remarke about using the exponential 
trap distribution of Rose. Firet, as we mentioned aboye, the 
measured trapping density was not exponential, Second, wo 
can show that ii the exponential distribution does hold, then 
at constant voltage, current should increase with decreasing 


teuporature, We vill use RoB o! &* calculations, but will fill 
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in the constant he did not state except to say that 4% vas a 


funotion of tempornsure. Rose defined 
М. = Aexp (б, /ьт) (7) 


where А ів а constent and the ether syabole ars as before. 


The comlensed charze forced into tho ineulater 4a 
© = См (8) 


where C 38 the cepacitanoo. This condensed ckergo raises the 


Fermi levei by an emount E defined by the relation 


E 
£ CY 
[ А ехр (6, Лет) АЕ = E (9) 
“Eg - AE 
The seluticn of this equation (neglecting the upper limit) 19: 
AE * ke (Av К) (20) 
“hora е E 
= Pre + = 
De s ( zer] ET (11) 


If we define as the ratio of free te total charge, wo ORN 


write 


- eN I 
O = ae exp ( Eller + А ўт) (12) 


where Nc %a the effective density of states in the conduction 
band, If we use (10) Гор =f, then 


x 
eN а/с. Уй 
У” cy L (теп) | =) 
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пе now use equation (25) fron the Aprendis which may be write 


ten es q 
E QG 2. 
ы = ë d? V 


it can te sem from equation (22), the appendix that the 


in (14) 45 the same ag (12), Therefore ve have 


e 


"ok us 
J = (constant) V ИІ Е j (15) 
2 





Ae Rf, 
wuich verifica our statement? that the current Inoreases with 
decreasing tenpercture, This was not observed exneritientally. 
On the contrary, the opposite effect was noted, 

Freu the two calewlations wo have just mads, wo muat 
aonclucs Shut spacantharge-2imited ocurrente alone CARO эхе 
plain the exporimemtadiy observed facts. We must seek other 
physical proceosen to expiain the data, Two which cane to 
mara were field emiseicri end Sohnottky emissicn. 

Field ешАірвіоп seaned a likely candidate when 4% wae 
noted that the disdes had a very sharp voltage threshold for 
comiuction vith the eluminen positiva, The YovioreNoránein 
equation is given by (2), 10 we assume an oxide thicimese 
of 1094 which we postulate se having beon inadvertantiy created 
on the almımım clectrcde during the manufacturing process, 
wa Can demonstrate that a voltage threshold would exist, For 
Ee 107 volts/cm, the exponentisi tera dn (2) is vanishingly 
small. ла а matter of fact, T mugt be OF the order of 10" 
volte/on before tho current density approaches 10S ampa fen”. 

A field of 10° volts/om in the present cese correspenda to а 
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terminal voltage Of 1 voit providing all of the field is 
acrosa the oxide, 

the results obtained by purposely oxidizing the aluminun 
snow conclusively that oxide deea have an effect on the current 
characteristics, However, the results are insufficient to 
show indisputabiy that field emiseicn 1a present. Instead, 
we can only remark that the observed eniftine of the voltage 
threanold value with increased oxide thickness is indicativo 
of field emissicn and the tha magnitude of this threshold is 
approximateiy correct, 

We can make a fairly atrong case for Schottky emlesion, 
Figure 5 indicates a definite tomperature dependance of the 
current above a certain critical temporaturs. Belew this 
oritical tomperaturs, the current 18 relatively temperature 
independent, This type of behavior is suggestive of Schettky 
omission., Reference te (3) shows that if Schottky emission 
46 the dominant physical process we should expect plots of 
log I versus ve and log Liza) tr] versus WT to bs straight 
lines, These pilots sare shown in figures 6 and 7. In figure 
б, ме 860 that we have а fairly etreight line, especialiy at 
higher values of T (lower values of 1/7), The erratic part 
of the line tends to te at the low temporature end, This is 
because at this end of the curve, Io played a significant role, 
Any inaccuracy in the determination of IO would affect the 
curve radically, At the other ond, however, Io was almost 
negligible in comparison with I and hence, any inaccuracy in 
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iO would go unnoticed, 

in figure 7, 1% is difficult to account for the observed 
curvo, As stated above, we expect a straight line 1f Schotiky 
emission was present, “Ye could not offer any oxplanation, 
and for thla reason we were unable to conclude that Sohottxy 


emiasion was definitely observed, 
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ZV, CONCLUSIONS 


in attempting to draw soge conelusions fros the dats, 
thia author was forced to make only e oonjocture since come 
olusive evidence vas not available, It is suggested thas both 
field emiasion and Scheitk&y emission eccur in tho óícóo,. In 
the hinh temperature region, Sohottky emission is doninant 
апа in the low temperature reglen tunneling ocoura, брасве 
ohargoellafted currents van be ruled out, Turther experiments 
ere necessary to pin down definitely tne phygoloal proceasas 
that were observed, 

The experiments that this author considers need to be 
Gone are the following: 

(a) Make several sanples with varying oxide thicknesses 
amd measures fey characteristics at different temperatures with 
the purpose of locking for Schottky enission above the critfe 
cal temperatura. 

. fb) Use а nágher vacuua system to attenpt te olininate 
the inadvertent formation of oxide on the aluninum, 

(2) Cominet nelee neasuramente on the sample to obtein 
further evidence of the lack of apece charge current, This 
situation would be indicated 1? a failure to observe space 
chargé suppression of noise, 

(8) Conduct a thermal determination of density of trap~ 
ping states, 

(е) Measure the capacitance of the samples with dife 
ferent biee values. 
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APPENDIX 


OPACEs Cl RGE=LINIT SD CURRENTS IN SOLIDS 


Space Charge Limited Currents {SCLC} in insulators have 
been investigated theoretically by a number of workers, The 
first results of any consequence vas the derivation of the 
و‎ for a trapefree insuistor by Mott aná 
Gurney. Following their work, (but using the mathematical 
convention of Lampert, ot al. thet £ = =€ Х, T=-3%,4E: 9 
we first write the general current flow equation: 

Т = пежё- е D do (1) 
da? 
where J 46 the current density, n ip the electron density, e 
is the magnitude of the electronic charge, 46 the mobility, 
E is the electric field strength, and © 4e the diffusion cone 
stant for electrons. Then in addition we have Poisson's 


equation: 


de e owe 
dx E? (2) 
where € is the dielectric constant of the material, 
In an ineulator. we assume that the diffusion component 


of the current is negligible in comparison with the drift 


component, ie, (1) becomes: 


J = мед Ё = Constant (3) 


= 20 
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if we carry out the integration of (1) and (3) ve obtain 


3 + a, J x Ya 
Lr ن‎ y е 1 


To evaluate the constant we must use an eppropriate boundary 
condition... we assume that this is 2:0 at А=0, Reference to 
figure & showa that this te equivalent to having the cathode 
at ХыХо. If Xo is smail in comparison with the thickness of 
the insulator, then tho assumption of the boundary condition 
is valió, The negative sign in (4) may be discarded ag As 
obvious from either (3) or the figure, 

To relate the applied voltage to the observed current we 
integrate (4) 


d T 
.-Q 2/2y\",3 
Y - es . Eda Ца адэ (5) 
9 2 


En 


or in terms of ie е ЈА we have 


{ Е 4 € n (y- Vo) 
8 а? ; 
where Vy = Б J Ф, ів the vork function of the anode, 
ena Q y 10 the work function of the osthods, This result is 
the Chilid-Langmuly law for solids. We see that it differs 


(6) 


from the vacuum law primarily by a factor of v= anatead of 

3⁄2 
Е 

This result has several eorious difficulties as was 

pointed out by Letpopt, asi clarified considerably by Lindmayer, 
Reynolds, and Wrigley. пе have assumed thet “=0 at хао. 
But if this is trues, then {3) tells un that J(0)=0 or J=0 
everywhere since the current ig constant, Also the problem 
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hes two natural boundary conditions, one et K=O and one at 
XzG, in the above discussion we have only used the one at 
Хай, The trouble comes in neglecting the diffusion current, 
Lindmayer, et ai. heve solved the complete proble which we 
shall give hers for convenience, 


First let us combine (1) end (2) to obtain 
/ 
Ра Сте Е" (7) 


where the primed quantíties indicate differentietion with re» 
spect to X., “e simplify tnís ecuetíon by the use of the 
normelivretiona: 
Sz- Afd 
” £ (8) 
F* -«d€/D 


г, 


j = «Ad JI /€ D 


to obtain: 


/ 
: 1 2 
фа = E T (FY (9) 
< e 
integrating ones 
pr, FF 
Su T G гаў б > , (10) 


Now 37 the substitution F = 24'/4 de mods we have 
u" = (O+sj)u/2 (11) 


which is an ordinary, linear differential equation. We simplify 
(11) even farther by making tne change of variable 


д“ -(6* 5j)/ (2j*) 'э (12) 
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ine result is 
d “u. 
= 0 


d3* Š (13) 


This equation haeo e solution of the form (A = k, £ + b, fa 


- 











where the k'e are arbitrary constants. Леа Lindmaver, et el. 
have pointed out, the apparent three constante are in reality 
only two. Thie шау be seen by calculating the normalized pow 
tential, а ; 


г Два = = = gb, 2U) (14) 
Q(o) ) 
wnere Wo nave used the ea relation 2 = ET » Now 


-” 


putting the general solution inte (14) we have the result that 

y a M5 а г. * 60 Peña 1G) + G; f, G) (35) 
k, f, (o) ғ ke Falo) Filo) + C, Fala (o) 

it $5 nov apparent that only two constants exist, 

The solution to (15) 1s known ín the form of en Infinite 
Series and. is given by iinómayor, et al, This Solution, bowe 
ever, 16 not one that allows а straight-forward application of 
the boundary conditions, since the constants Cz and Cy are 
buried in the series, The boundary comfitions may be applied 
by use cf a computer trial and error procegg. Before we look 
at tbe results о? this computation, let us determine the appro» 
priate boundary conditions to база. 

if we consider a physical structure with a material sand= 
wiched between an anode and а aathode, then the boundary oons 
aition at Xz (the anode) or Sri is 


Fa) =O or a a| = (uf (16) 
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af we assume thet all electrons arriving at the arcde are 
Gvopt away by the field, 

The boundary comiitions s% Х=0 ог 5-0 is less apparent., 
We first assume that the oiectria Field here 18 equal to zero. 
We see thet since we havo included the diffusion component of 
fhe current as weil es the drift component, this boundary 
condition no longer leads to zero current? as previously. Hence, 


we take ag ому Second boundary condition 


F (oj =0 Or af, =o (27) 


The results chtained by Lindmayer, Reynolds, and Urigley are 
Shown in figure $, 

‘Jet we oxotiine those results In nore detail, When tho 
current (or 4) is low, then we assume a diffusion limited 


situation. 12 thie is so then (9} beaones 


4 


pow (18) 
which has a solution 
3 = ЗЫ (19) 


Figuro € shows this solution plotted in comparison with the 
complete solution. Also shown is the drift limited cage, 
Celculating the trensition for high values of J ie diffe 
ficult, Lindmayer, et al, found that £,{0) and Cof,(0) in 
(15) form a difference with variation only in the eighth sige 
nificant Figure for values of j > 600. Hut by calculating F 
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point by point ard starting at both boundsrics, they were 
able to project the curve to j=10', Up to this limit the 
8erieg solution appears to bs appresching the drift limites 
саве, The error is below 10% 4m the drift limited apnroxinge 
tion for Y > 100 kt /¢ a 
The work of Lindnayer, et Gi. appears to give justifl- 
sation for our previcus assumption that the diffusion current 
could be neglected ue long es V > /00kT / g in the case of 
a trapefree structure, we shail assume that 1% is likewise 
muevificd to mals the same ausumptien in the case of trepping. 
If wo negiect diffusion, then the equations we must solve are? 
dé > (ni е) е 
d x € 


J = neue (21) 


where n iu the density of free carriers, n. is the density of 


(20) 


trappsó carriers, and the other symbols gre as tefore, If we 


define 
© = EA 
пуда (22) 


and substitute for n+ me in (20) we have 

<= d$ = 74 (23) 
which may be substituted inte (21) which gives: 

J=- €a|I e 9 (2А) 


ЇЇ Ө is Independent of? x, then the solution of (24) le 


25 
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the same ag (6) with OA aubstituted for M or 
8 нсі 
g EP N-n 


< 


(25) 
Ө 38 given epprezinetely by 
М 
Ө = mi exp (~Ex/kT) ® © (x) (28) 


for the caso of a single level of ahaliow traps whose density 
¿g N Š and whose distance below the conduction tend 
48 Ey No ів 1029 at room temperatures, For Nes 3017 end 
E4=0.5 volt, Ө =10"7 and spacocharge~Lipited currents are 
ereatiy reduced, 

In general, ve cannot aseume © # OA) as was dene 
above, The ecxací mathiematícal soiutíon becomes very cenplie 
cated 27 not impossible to carry Gut. Before we attempt to. 
do more with the solution, let us gramine some of tho oharage 
teristics of the problem and see what can de learned without 
a rigorous solution, 

The problem we are acliving 48 the cet of equations (20) 
and (21) plue the fact that we assume n end n, are apeoified 
ty the normal Fermi statistics, te can write the equation 


relating n(x) to Ep, the fermi energy as: 
NO) = Ne exp FL o- E] AAT cen 


where Ne ів the effective density of states in the conduction 
band at temperature T and Ec(x) de the lower edge of the соц» 
Auction band, When a set of trans of density Ne at energy 


Eg(x) ero in quasieequiliorium with n(x), then 
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The boundery condition we assume le as before 1—0 at 
nse 

roliowilng Lampert we can make sone very general obser 
vations about the set of equationa, In the neutral crystal, 
(le, no injected charge) ohm's lay must hold, This follows 


because Poissen's sauasion besones 


d£ 
— =O 
da ) (29) 
but since J 48 a constant, 
dJ dE 
— co = me< SŠ , e. € sm 


The first term on the right in (30) is zero from (29). Thornes 
fore, the second term on the right is sero, This implies 
anfas=0 or N=7. is a constant indenanient of x, We may then 
define Neu= 07 end Ohn's law results. 

Ohn's law and Chiid's lew curvos intersect when the excess 
injected carrier density at the anode calculated from Child's 
taw becomes similar to Və , the neutral carrier density. “е 
cen find the voltage, Va, et which the crossover occure by 


equating the ohmic current to the spaceecharge-limited current, 
т. 


which gives 
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Va = K ° (32) 


Let об пот examine the situation when ali of the traps 
within the insulator are filled. We shall find thst this 
gives us a third iíimit on cur JeV characteristics, 

When all of the traps are filled, then there is an un- 
neutralized charge present 4n the insulator that tends to 
prevent additional charge injection, The voltage 
is necessary to overceme the repulsion from the charge con» 
denged fn tho traps, Let us follow the mathematics through 
for this case in more datali. 

If all of the traps are filled, then m=N, and Poisson's 
equation becomes 


s = (n+ Ne) $, (33) 


Ye now substitute (25) in (30) and use ( ) $0 obtain a none 


Linear differentiai equation in n as 
& 
dn , ем, м Мен 


= Q 4 
This equation is separabie and the integral in n is tabulated, 
Using the bourmiary condition that at Xz0 gives 
€J \} e 
A= i 5 M p 1+ № e (35) 
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Using the voltage definition 


2 dx 
wo have 


ERO) - E 4- dm x 
V6) = EJES Pw n.o | + SSR p disi 


(36) and (38) do not form э very tractable eat of perametric 
equations, but a d v6 Ví(d) relation may be obtedined by sceun- 
ing & J in (36) end solving for Z(d). This value of Eid) 48 
substituted inte (38) to obtain V(d),. This has been done by 
Heightiey for the caso M, * /O “Tem dd = 200 Cm*/ volt - - sec, 
€ = io , € Px 10" “езу, Не obteins tho results in figuro RA 
in figure jf, we See a triangle formed by Ohm's lav, 
Chiid's lew for solida, and the trapsefilledelinit (ТРЫ) law, 
ig state thet the JeV curve must lie within this triangle 
because? 
(а) J cannot lie below Ohm's lav since carriers ine 
gected at the cathode cen oniy enhance the current 
flow, 
(b) J cannot lí0 above Cniid*a lew ginco this repres 
gente the case where all injected carriera add to 
the current flew. 
(c) J cannot Iie below TIL law since this representa 
the case when the least number of injected carriers 
contribute to tue currant. 
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